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Resistance spot welds of a magnesium alloy were characterized in terms of microstructure, hardness and 
monotonic and cyclic properties. Microstructural features in base metal and different zones in the weld 
region were discussed and the mechanical behavior of spot welds in tensile-shear configuration was 
studied. Effects of welding parameters were investigated on the micro- and macro-scale characteristics of 
magnesium spot welds. To this end, five sets of spot weld specimens were prepared, utilizing different 
welding parameters. The effect of cyclic loading was studied on microstructure and hardness of the base 
metal and the weld region, and it was shown that microstructural features do not change remarkably under 
cyclic loading. Fatigue crack initiation and propagation behavior was discussed for different specimen 
sets under both low and high cyclic loads. Fatigue cracks under high cyclic loading initiated close to the 
nugget edge, and decreasing the cyclic load nucleated the cracks farther from the nugget. 
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To comply with ever restricting environmental laws and improve performance, automotive manufacturers 
need to decrease the weight of automobiles. Magnesium, as the lightest commercial engineering metal, 
has recently attracted more attention in the automobile industry. The trend in the average magnesium 
usage per car has been rapidly increasing from 3 kg in 2005 to 20 kg in 2010, and is projected to reach 50 
kg in 2015 [1]. While magnesium has wide application in automotive components such as casings, 
housings, and trim parts; to achieve its role as a major material in automotive manufacturing, its 
application to load bearing components is necessary. It is therefore essential to examine the merits of 
components made of magnesium under both static and cyclic loads. 
From the joining perspective, applicability of welding techniques for automotive body parts has been 
studied mainly using steel and aluminum [2-7]. With the new interest in magnesium, the feasibility and 
performance of joining processes such as tungsten inert gas (TIG), laser welding, hybrid laser-TIG 
welding, friction stir, and resistance spot welding have been investigated on magnesium alloys in recent 
years [8-13]. Nevertheless, resistance spot welding (RSW), is still the predominant joining technique in 
automobile body assembly lines [14], as it allows quick and cost effective fabrication of complicated 
assemblies. 
On the other hand, service reports of automobiles show that a major proportion of structural durability 
issues are related to spot welds [15], which is due to the fact that spot welds act as stress concentration 
sites, and are therefore more susceptible to fatigue failure. As a result, studying the fatigue behavior of 
spot welds is of great significance. 
The majority of studies in fatigue of RSW with automobile applications have been on steel and aluminum 
alloys [16-19]. These studies can be categorized into four major groups: fatigue modeling, comparative 
studies (RSW vs. other joining processes), process optimization, and characterization. 
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Many researchers have focused on developing models to estimate the fatigue life of spot welds. The main 
approaches in these models include: structural stress [20-23], local stress/strain [21, 24-27], stress 
intensity factor [24, 28-30], and crack growth [31-33]. 
A number of studies with the aim of comparing the fatigue performance of RSW with other welding 
processes have been done for similar and dissimilar materials. Wang and Ewing [34] compared the 
fatigue resistance of laser weld and spot welds of steel sheets with “equivalent weld volume” as the 
comparison base. Uematsu and Tokaji [35] investigated the strength and failure modes of RSW and 
friction stir spot welds (FSSW) for an aluminum alloy under static and cyclic loading. Long and Khanna 
[36] compared static and fatigue strength of spot weld with spot weld bond specimens of high strength 
steels in tensile-shear and coach-peel configurations. Sun, et al. [37] studied spot weldability of aluminum 
to steel and compared the monotonic and cyclic preformance of spot weld with self piercing rivets (SPR) 
of these dissimilar materials.  
Some studies, on the other hand, have focused on modifying the spot weld joints for improving fatigue 
strength. Overbeeke and Draisma [38] heat-treated spot weld specimens to release welding residual 
stresses and to enhance fatigue life. Post weld cold-working and in-process forging force are two 
techniques for inducing beneficial compressive residual stress which delay the crack initiation that have 
been proposed. Kim, et al. [39-41], and Spitsen, et al. [42] studied the effect of post-weld cold working on 
tensile and fatigue strength of aluminum and steel spot welds and optimized the cold working process 
parameters. Chang, et al. [43] applied in-process forging force as a part of the welding process to induce 
compressive residual stress in the heat affected zone.  
Characterizing fatigue behavior of spot welds has attracted various researchers’ attention. Some 
researchers investigated the effects of sheet thickness, coupon width, nugget diameter, mean load, and 
base metal strength on fatigue strength. Mean stress [44] and base metal strength [14, 45] have been 
reported to have negligible effect on the fatigue life. On the other hand, geometric parameters such as 
sheet thickness [45-46], coupon width [45], and spot weld diameter [44-45, 47-48] have been identified as 
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the most significant factors on fatigue strength of spot welds. Davidson and Imhof [30] have reviewed the 
effects of these parameters on fatigue strength in low and high cycle regimes. Nugget size effect on 
fatigue resistance of steel and aluminum spot welds as reported by Pollard [47] and Gean, et al. [48] is 
noticeable for low cycle but not in the high cycle regime. The effects of cyclic loading on hardness in the 
base metal and spot weld area have been investigated as part of the fatigue characterization of spot welds. 
Long and Khanna [49] reported that high cyclic loading caused noticeable softening in the weld area of 
high strength, low alloy (HSLA) steel spot welds, while the effect of low cyclic loading was negligible on 
hardness in the base metal and weld area. A number of studies investigated the effects of cyclic loading 
condition on crack initiation and propagation. Radaj [24] suggested that fatigue cracks in tensile-shear 
steel spot welds initiate from the nugget edge under small cyclic loads and away from the nugget edge 
under medium and large cyclic loads; in either case, cracks propagated through the sheet thickness. Long 
and Khanna [49] reported that in tensile-shear spot welds of HSLA steels, cracks started in the heat 
affected zone under high load conditions, but started in the base metal adjacent to the heat affected zone 
under low loads.  
To the best of the authors’ knowledge there has been no report on the fatigue of magnesium resistance 
spot welds. 
The present research was aimed at characterizing the microstructural and mechanical behavior of RSWs 
in Mg-alloys under uniaxial and cyclic loads. Microstructure and hardness in base metal and in different 
regions of the weld area were studied. Strengths and modes of failure under monotonic and cyclic 
loadings were studied on spot weld specimens in tensile-shear configurations, and compared with those in 
steel and aluminum from mechanistic point of view. The effects of welding parameters on these 
characteristics were investigated by studying five sets of specimens prepared using different process 
parameters. The effects of cyclic loading were then studied on microstructural features in the weld 




2. Experimental Procedure 
2.1. Material and Specimens 
The specimens in this study were made from AZ31B-H24 magnesium alloy in the form of sheet with 2 
mm thickness. These sheets were produced by hot rolling followed by annealing to half of the initial 
hardness. The chemical composition and mechanical properties are shown in Table 1 and Table 2, 
respectively [50]. 
Spot weld specimens were prepared in the tensile-shear configuration with the geometry shown in Figure 
1. Coupons were cut along the sheet rolling direction and the surfaces were cleaned with chromic acid 
(2.5gr CrO3+100ml H2O) before welding, to obtain spot welds with less porosity and expulsion [51].  
Two shims were used at the ends to fill out the coupons offset to prevent additional coupon bending 
during testing. 
Five sets of specimens were prepared with different nugget diameters using different welding parameters, 
as listed in Table 3. Nugget sizes were measured after monotonic testing as the average diameters of the 
bonding area, along and perpendicular to the loading directions. 
Some of the specimens from sets A, C, and E were used to prepare metallographic samples for studying 
the effect of welding parameters and cyclic loading on the microstructure and hardness in the base metal 
and the weld region. These specimens were sectioned slightly offset from the nugget centerline, along the 
loading direction. The samples were then mounted, ground, and polished to the nugget centerline and 
etched with a solution of 4.2gr picric acid, 10ml acetic acid, 70ml ethanol, and 10ml water. 
2.2. Testing Procedures 
All tests were performed at standard laboratory conditions. Monotonic testing was performed on the 
tensile–shear specimens in displacement-controlled mode, with the cross-head displacement rate of 1 
mm/min at room temperature. The failure mode and the load and displacement histories were recorded in 
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each test. These tests were done on the five specimen sets listed in Table 3 to investigate the effect of 
nugget size on the ultimate tensile-shear load. 
Fatigue tests were conducted under load-control with a load ratio R=Lmin/Lmax=0.2, where Lmin and Lmax 
are minimum and maximum loads, respectively. A sinusoidal waveform was applied and the loading 
frequency was between 2 and 30 Hz depending on the load level. Final separation of coupons was 
considered as failure and tests stopped after 10 million cycles were considered run-outs. The load and 
cross head displacement histories, number of cycles, as well as the failure modes were recorded in all 
fatigue tests. Three sets of specimens (A, C, and E) were chosen for fatigue testing to study the effect of 
nugget size on cyclic behavior of Mg spot welds. 
The micro-indentation hardness of the welds were measured on the cross-sections using a Vickers Micro-
hardness apparatus. Testing was performed with a 100 gr indentation load and with a holding time of 15 
seconds. 
3. Results and Discussion 
As mentioned in section 2.1, five sets of specimens were investigated in this study, named A to E. 
Nevertheless, in the next few sections, i.e. sections 3.1 to 3.4, the spot weld itself is studied. The results 
and discussion in these parts correspond to specimens from set C, with parameters listed in Table 3. 
Section 3.5 deals with the effect of welding parameters on spot weld characteristics.   
3.1. Microstructure  
Microstructure in AZ31B magnesium spot welds consists of base metal (BM), heat affected zone (HAZ), 
partially melted zone (PMZ), and fusion zone (FZ). Figure 2, showing a quarter of a spot weld, 
illustrating these regions. 
Figure 3 shows the microstructure of the BM in rolling and transverse directions (RD and TD). It can be 
seen that grains were equiaxed with approximately the same average grain size of 5 μm in RD and TD. 
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The reason why grains were not elongated in the rolling direction was recrystallization during the 
annealing process after rolling into AZ31B-H24 sheet. 
Heat affected zone is the region where the temperature is high enough to change the microstructure, i.e. 
recrystallization, but not for melting. Figure 4(a) displays the microstructure of the HAZ with a grain size 
gradient, i.e. 10 to 6 μm, decreasing toward the BM boundary. The reason is that the regions in the HAZ 
close to the BM had a lower annealing temperature and time than regions neighboring the PMZ. Also, 
considering liquation does not occur in the HAZ, even in grain boundaries with a lower melting point 
than grains, intermetallic particles were not expected to form in this region due to the higher cooling rate. 
Figure 4(b) shows an SEM image from the HAZ without any indication of intermetallics. Another 
microstructural feature is that the twin band density is remarkably higher in the HAZ than in the BM. 
The partially melted zone is the region surrounding the FZ in which liquation may happen locally during 
welding. The microstructure in the PMZ is shown in Figure 5. The peak temperature in PMZ of AZ31 is 
between solidus and liquidus temperatures, and therefore grain boundaries due to higher aluminum 
content and lower melting point may liquate. During solidification, because of high cooling rate, the 
aluminum content does not have enough time to make a homogeneous solid solution in the α-matrix. 
Therefore intermetallics (Al12Mg17) are formed as the second phase in the grain boundaries of PMZ, as 
can be seen in Figure 5(b).  
The fusion zone is the region which experiences complete liquation during welding. Figure 6 displays 
representative microstructures in the fusion zone. Porosity, as shown in Figure 6(a), existed in the FZ and 
increasing the welding current raised the chance of developing, and the size of porosity. Porosity may 
weaken spot welds under loading conditions that cause failure in the nugget, i.e. monotonic and high 
cyclic loading, as will be discussed in sections 3.3 and 3.4. According to Figure 6(b), the FZ in AZ31B 
spot welds had an equiaxed dendritic structure.  
Intermetallic particles during solidification were pushed away from dendrites and gathered in 




Figure 7(a) shows a schematic of the spot weld cross section with small dots representing the indentation 
path, and the graph in Figure 7(b) displays the hardness profile obtained from micro-indentation Vickers 
hardness testing.  
The profile in this figure shows that the hardness in AZ31B-H24 magnesium spot welds in the BM and 
the weld area are almost the same. With dissimilar microstructures in the different zones, two phenomena 
are acting to counteract one another with respect to hardness. Increasing the grain/dendrite size from the 
BM to the FZ tends to decrease the hardness. On the other hand, intermetallics present in the PMZ and FZ 
and twin bands in the HAZ increase the hardness. The hardness profile suggests that these effects have 
counteracted one other, resulting in a uniform hardness distribution.  
This observation is contrary to what has been reported for friction stir welds (FSW) and laser beam welds 
(LBW) of AZ31B-H24, both of which result in lower hardness in the weld region than the BM [52-53]. 
Therefore, RSW has superior performance compared with FSW and LBW from the viewpoint of strength 
in the weld region.  
On the other hand, RSW of steel and aluminum results in a non-uniform hardness distribution. Hardness 
in the FZ of steel spot welds is higher than the BM [54], while it’s lower in the FZ of  aluminum spot 
welds than the BM [55]. The uniform hardness distribution in Mg spot welds can be considered a minor 
advantage compared with aluminum spot welds, under loading which causes nugget failure. 
 
3.3. Quasi-static behavior 
Quasi-static testing was performed to evaluate the load carrying capacity of spot welds in the tensile-shear 
configuration under static loading. Five specimens were tested and the average ultimate tensile-shear load 
(UTSL) turned out to be 6.67 kN.   
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Quasi-static loading yielded two failure modes. “Interfacial failure” was the dominant mode of rupture; 4 
out of 5 specimens tested failed in this mode. As shown in Figure 8(a), failure occurred in this mode 
through the nugget at the interface. The other mode of failure was “partially interfacial”, as illustrated in 
Figure 8(b), in which the failure started in the interfacial mode and continued through the coupon 
thickness and left a button on one coupon and a hole on the other side.  
The same failure modes have been observed in aluminum spot welds [48, 56], while partially interfacial 
and “button pullout” are the most common failure modes in well-prepared steel spot welds under 
monotonic tensile-shear loading [48, 57-58]. Button pullout is a failure mode in which one coupon tears 
around the HAZ, resulting in a plug on one coupon and a hole on the other coupon, but unlike partially 
interfacial failure there is no nugget shear-off in this mode. One of the reasons why magnesium and 
aluminum spot welds fail through the weld is that hardness and therefore strength in the FZ is comparable 
or less than the BM. Steel spot welds, however, due to significantly higher hardness and strength in the 
FZ, fail primarily in partially interfacial mode, without failure in the weld. 
3.4. Cyclic behavior 
Fatigue tests were performed to study the strength of spot welds in the tensile-shear configuration under 
cyclic loading. The fatigue life experimental data and the corresponding Load-life (L-N) curve obtained 
from the best bi-linear regression fit using a log-log scale are shown in Figure 9.  
The spot weld specimens failed in three different failure modes under cyclic loading: interfacial, partially 
interfacial, and coupon failures.  
In interfacial failure mode, Figure 10(a), a crack initiated from the nugget edge in the load bearing side of 
the nugget and along the loading direction. The crack then propagated through the nugget until separation 
of the coupons, while crack growth through the coupon thickness was also observed. Therefore, the 
fatigue strength in this mode of failure depends mainly on the size and strength of the nugget. This failure 
mode was observed only when very high cyclic loads were applied.  
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Coupon failure, shown in Figure 10(c), was the most common mode of failure in tensile-shear loading of 
spot welds. In this failure mode, the crack started either from the BM-HAZ interface or from the BM, 
with an offset from the nugget edge, depending on the load level. This issue will be discussed in detail in 
the section 3.6. The crack in this mode then propagated through the coupon thickness and extended 
perpendicular to loading direction, until coupons separated. Fatigue life is therefore independent of 
nugget strength, but rather depends on cyclic loading level and dimensional parameters, such as nugget 
size and sheet thickness. Coupon failure was observed at lower loads, in intermediate and high cycle 
regimes. 
Partially interfacial failure was a rare mode of failure under cyclic loading, and occurred only as a 
transition between interfacial and coupon failures. Cracks in this mode, as shown in Figure 10(b), 
nucleated from the same location as for interfacial failure, and grew first inside the nugget and then 
through the sheet thickness, following the bonding area. It can be seen that, similar to interfacial failure, 
there was another crack in this mode through the thickness, which was not as critical as the main crack. 
This mode of failure was observed in a narrow region between very low and low cycle regimes, i.e. when 




 cycles.  
The different failure modes under cyclic loading can be described in terms of crack propagation through 
load analysis. In the high cycle regime, where a small load is cyclically applied to the specimens, as 
shown in Figure 11(a) the component of load on the “n-plane”, , dominates and because the area of the 
nugget is similar in size to the cross-sectional area of the coupon, it can be concluded that the mode I 
stress intensity factor (SIF) is larger on the n-plane. On the other hand, the mode I SIF is usually 
considered the main factor controlling crack growth rate for tensile-shear spot welds [28, 31]. Therefore, 
the load components in the t- and n-planes can be considered as major parameters determining crack 
propagation rates, and in the case of HCF, the crack propagates faster on the n-plane.  
Under high cyclic loads, however, bending is more appreciable and the load component on the t-plane 
( ) becomes comparable to that on the n-plane ( ). Therefore, the stress intensity factors corresponding 
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to these two planes are similar and the cracks grow with similar rates. As the applied load is increased, the 
chance of interfacial failure rises which can be seen in Figure 10(a) and at lower loads, where the stress 
intensities are of the same magnitude, mixed mode failure on both the t- and n-planes may occur, Figure 
10(b). The through-thickness cracks in the interfacial and partially interfacial failure modes are evidence 
of this issue. At very high loads, where the specimen fails in the first loading reversal, i.e. static tests, due 
to severe bending in coupons, failure happens on the t-plane without a crack on the n-plane (see Figure 8). 
3.5. Welding parameters effects  
Five sets of specimens, as listed in Table 3, were studied to investigate the effects of welding parameters 
on magnesium spot welds characteristics.  
Hardness 
The micro-indentation hardness distribution was obtained for three specimen sets A, C, and E, and the 
results are shown in Figure 12. To compare the hardness profiles for the different nugget sizes in these 
specimens, hardness values were plotted versus the ratio of the distance from the nugget center to the 
indentation point (d) to the distance from the nugget center to the FZ boundary (dFZ), as shown in Figure 
7(a). As can be seen, the hardness profile and hence the strength of the weld region is almost independent 
of the welding parameters. 
Quasi-static behavior 
To study the effect of welding parameters on strength and failure mode under monotonic loading, quasi-
static tensile testing was performed on the five specimen sets listed in Table 3. Average and standard 
deviation values for ultimate tensile-shear load (UTSL) are summarized in Table 4. As expected, the 
UTSL of spot welds depends on nugget size, which is controlled by welding current and welding time; 
increasing each of these parameters enlarges the spot weld nugget and increases the UTSL.  
As shown in Figure 13, the test results show that there is a linear relationship between UTSL and the 
nugget diameter of Mg spot welds. The same correlation has already been reported in the literature for 
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aluminum [48, 59-60] and steel [47]. An interesting point is that the trend line slope is 1 kN/mm for both 
magnesium and aluminum spot welds, and is 3 kN/mm for steel spot welds, confirming that the UTSL in 
spot welds of steel is more sensitive to nugget size than for magnesium and aluminum.   
The same failure modes as mentioned in section 3.3 for specimens in set C were observed for other 
specimen sets. Most specimens, i.e. 23 out of 25 specimens, failed in the interfacial mode and only 2 
specimens failed in the partially interfacial mode, which means that welding parameters do not control the 
mode of failure.  Also, considering the minimal effect of process parameters on hardness in the FZ (see 




Specimen sets A, C, and E were selected for fatigue testing to study the effect of nugget size on cyclic 
behavior. The fatigue life experimental data and the corresponding Load-life (L-N) curves obtained from 
the best fit bi-linear regression are shown in Figure 14.  
According to this diagram, the nugget size effect on the fatigue resistance is appreciable in the low cycle 
regime, i.e. up to 10
4
 cycles.  However, in the high cycle regime, a minimal enhancement in fatigue 
strength was achieved by enlarging the spot weld nugget. The endurance limit was 0.42 kN, 0.55 kN, and 
0.6 kN for sets A, C, and E, respectively. 
Similar effects have been reported for steel [47, 61] and aluminum [48], however, recent research 
reported that increasing the nugget size resulted in decreasing the fatigue strength of spot welds in 




3.6. Cyclic loading effects 
Microstructure 
Figure 15 shows the microstructures of the BM, HAZ and FZ on samples which failed under low and high 
cyclic loads, i.e. HCF, and LCF, respectively. Comparing these microstructures with Figure 3, Figure 4 
and Figure 6 reveals that cyclic loading does not have a significant effect on the microstructures in the 
BM and the weld region, in terms of the shape and size of grains/dendrites. The same observation has 
been reported for steel spot welds [49].  
Hardness 
The graphs in Figure 16 compare the hardness profiles for specimens in sets A, C and E under three 
loading conditions, i.e. before loading and failed in the low and high cycle regimes. Hardness tests in all 
cases were performed from the weld center to the BM on one side. “BL” in the graph legend denotes the 
“before loading” condition.  
The profiles in this figure show that hardness does not appreciably vary before and after cyclic loading, 
which agrees with the insignificant effect of cyclic loading on the microstructure. Therefore, it is expected 
that the BM and the weld area do not show a cyclic softening or hardening behaviour. This is similar to 
advanced high strength steels (AHSS) spot welds, but is in contrast to high strength low alloy (HSLA) 
steel spot welds, which show cyclic softening behaviour in the weld region under high cyclic loads [49]. 
 
Crack-initiation/propagation 
Along with the goal of characterizing fatigue of Mg spot welds, the effect of cyclic loading on the fatigue 
crack initiation point was investigated. As shown in Figure 17, the distance between the nugget edge and 
the crack initiation site was considered as the comparison criterion, as it is independent of nugget 
diameter and represents the location of maximum local strain from the bond region.  
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The distance “L” was measured in various specimens from sets A, C, and E, and the results are 
summarized in Figure 18. The graph shows that in the 3 specimen sets under investigation, the crack 
initiation point was closer to the nugget edge under high cyclic loading, and as the cyclic load decreased, 
cracks initiated farther from the nugget. Cracks in all specimens which failed in LCF nucleated inside the 
HAZ or at the interface of the HAZ and BM, while in specimens which failed in HCF, cracks initiated in 
the BM. One of the reasons why nugget size had no significant effect on fatigue resistance in the high 
cycle regime (see Figure 14) was that crack initiation happened far from the FZ and therefore nugget size 
or stress concentration did not have as much of an effect on the stress field at the crack nucleation site.   
In terms of fatigue crack propagation, the crack length was measured on the cross-section passing through 
the center of the spot welds in different specimens and under low and high cyclic loads. Studying the spot 
weld cross-section revealed that there were two cracks on most samples, one on each coupon, on the load 
bearing side of the weld. In failed specimens, the crack which caused separation in the specimen was 
referred to as the “primary crack” and the other crack, which was on the opposite side of the weld, was 
called the “secondary crack”. Figure 19 shows the primary and secondary cracks in two specimens in set 
C, under different cyclic loading conditions.  
Figure 19(a) illustrates that in the low cycle regime the secondary crack has propagated through the whole 
coupon thickness, while in the high cycle regime it has only propagated a portion of the sheet thickness. 
Table 5 summarizes the crack propagation length in the three sets under investigation, in both low and 
high cycle regimes. 
In the specimens which did not fail, i.e. run-out specimens, no crack was initiated on either side, 
suggesting that the crack initiation life is a significant portion of the total fatigue life for spot welds in the 
high cycle regime. 
In terms of primary crack propagation, there was a dependence between the propagation path and cyclic 
loading amplitude. The primary crack under high cyclic loads, as shown in Figure 20(a), grew through the 
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coupon thickness normal to the sheet surface and followed the nugget circular shape in the plane of the 
sheet, finally extending through the coupon width perpendicular to the loading direction.  
Figure 20(b) shows the crack propagation path under lower loads, i.e. the intermediate cycle regime, 
which was similar to high loads, except that along the thickness the crack tended towards the nugget and 
did not follow the nugget shape as much in the plane of the sheet. For loads just above the endurance 
limit, i.e. lives more than 5×10
5
 cycles, as shown in Figure 20(c), crack growth through the thickness was 
on a curved path and then propagated along the coupon width, almost along a straight line, with an offset 
from the nugget.  
4. Conclusions 
Magnesium spot weld behavior in tensile-shear configuration was studied under both monotonic and 
cyclic loading. Where possible, magnesium spot weld behavior was compared to that of steel and 
aluminum spot welds. The following conclusions can be drawn from this study: 
1. Interfacial and partially interfacial are the failure modes under monotonic loading. Cyclic loadings 
depending on the load level may cause large, intermediate or small bending on coupons, which results in 
different stress intensity factors for through-thickness- and though-nugget-cracks causing interfacial, 
partially interfacial, or coupon failures. 
2. Similar to spot welds in steel and aluminum, there is a linear relationship between ultimate tensile shear 
load and nugget diameter for magnesium spot welds. This trend is estimated at 1kN/mm for the alloy 
investigated.  
3. Nugget size has a significant effect on fatigue resistance for magnesium spot welds in the low cycle 
regime; however, its effect gradually decreases over the life such that for lives over 10
5
 cycles, the fatigue 
strength is almost independent of nugget size.  
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4. Cyclic loading does not have a significant effect on hardness of the base metal, heat-affected and fusion 
zones, suggesting that the base metal and weld region do not exhibit cyclic hardening or softening 
behavior. 
5. Fatigue crack initiation location depends on the load level. Under high cyclic loading, cracks initiate 
close to the nugget edge and decreasing the cyclic load causes the cracks to initiate farther from the 
nugget. 
6. Two cracks initiate at opposite sides of the nugget under cyclic loading, one that grows to fail the 
specimen (primary crack), and the other that propagates considerably but does not cause the failure 
(secondary crack). 
7. The secondary crack length depends on both nugget size and cyclic load level. In the low cycle regime, 
the secondary crack propagates through the entire thickness. In the high cycle regime, the secondary crack 
length decreases by enlarging nugget. In run-out specimens, no crack was detected on either side of the 
weld, which means that the crack initiation life is a significant portion of the total fatigue life of spot 
welds in the high cycle regime. 
8. Primary crack propagation path is controlled by cyclic loading amplitude. High loading amplitudes 
result in crack growth normal to the sheet plane, following the nugget shape and propagating 
perpendicular to the loading direction. Primary cracks under intermediate cyclic loading follow the nugget 
elliptical curvature through the thickness but do not trace the nugget circular shape as much in the coupon 
plane. Small loading amplitudes make the cracks grow through the thickness on a curved path, and almost 
straight along the coupon width, perpendicular to the loading direction. 
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Figure 1: Tensile-shear specimen geometry (dimension are in mm) 
Figure 2: different zones in AZ31B spot welds (a) low magnification (b) high magnification 
Figure 3: Microstructure of the BM (a) in RD (b) in TD 
Figure 4: Microstructure of HAZ in AZ31B spot welds (a) low magnification (b) high magnification 
Figure 5: Microstructure of PMZ in AZ31B spot welds (a) low magnification (b) high magnification 
Figure 6: Microstructure of FZ (a) overall (b) equiaxed dendrites in FZ-core  
Figure 7: Vickers hardness (a) indentation path (b) hardness profile 
Figure 8: Failure modes under tensile loading (a) interfacial (b) partially interfacial failure 
Figure 9: Load-life data for spot welded specimens 
Figure 10: Failure modes under cyclic loading (a) interfacial; (b) partially interfacial; (c) coupon failure  
Figure 11: Tensile-shear specimen (a) under low load/in high cycle regime (b) under high load/in low 
cycle regime 
Figure 12: Hardness profile comparison between specimen sets A, C, and E 
Figure 13: effect of nugget diameter on UTSL 
Figure 14: Load-life data for spot weld specimens 
Figure 15: Cyclic loading effect on the microstructures 
Figure 16: Hardness profiles before and after cyclic loading (a) set A (b) Set C (c) Set E 
Figure 17: Crack initiation point (a) in LCF (b) in HCF 
Figure 18: Distance between crack initiation point and nugget edge 
22 
 
Figure 19: crack propagation in specimens in set C (a) in LCF (b) in HCF  




Table 1: Chemical composition of AZ31B-H24 Mg alloy 
Element Al Zn Mn Mg 
Weight % 2.73 0.915 0.375 Bal.  
 
Table 2: Mechanical properties of AZ31B-H24 Mg alloy 
Direction 
0.2% offset yield strength 
(MPa) 




Rolling (RD) 224 (3.5)* 292 (0.6) 14 (3.0) 
Transverse (TD)  281 (0.4) 320 (0.5) 22 (2.6) 
* values in parentheses are standard deviations.  









Avg. Nugget Size 
(mm) 
A 26 10 4 8.2 (0.7)* 
B 28 8 4 8.6 (0.4) 
C 30 8 4 9.5 (0.1) 
D 32 8 4 9.8 (0.1) 
E 34 8 4 10.4 (0.2) 
* values in parentheses are standard deviations.  
Table 4: Ultimate Tensile Shear Load for different spot weld specimens 
 Set A Set B Set C Set D Set E 
Mean UTSL[kN] 5.12 5.73 6.67 7.15 7.75 
Std. Dev. [kN]  0.22 0.30 0.16 0.10 0.35 
 
Table 5: Fatigue crack propagation under high and low cyclic loads 
Specimen  Loading Condition  Crack Propagation  
Set A  
LCF Cracks on both sides; SC* length =t**  
HCF  Cracks on both sides; SC length = 0.8t  
Run-out  No crack  
Set C  
LCF  Cracks on both sides; SC length =t   
HCF  Cracks on both sides; SC length = 0.3t  
Run-out  No crack  
Set E  
LCF  Cracks on both sides; SC length =t  
HCF  Crack on one side  
Run-out  No crack  
* SC: Secondary Crack ** t: sheet thickness 
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